Abstract: Glucose tolerance, an enzymatic performance in the presence of glucose, was improved with Geobacillus thermoglucosidasius oligo-1,6-glicosidase (GTAGL) by site-directed mutagenesis. The quadruple mutant of GTAGL (qGTAGL: M203W/Q216E/G259E/R298I) produced by this work resulted in an increase of the glucose tolerance. Although GTAGL lost its enzyme activity in the presence of 2.2% glucose, qGTAGL retained the activity in the presence of 2.7% glucose. Notably, enzymatic properties including thermostability and optimal temperature were not severely affected by the mutations.
INTRODUCTION
In the manufactural production of glucose (D-glucose), isomaltose occurs as a by-product. This causes a loss in a yield of glucose so it has been hoped to improve the yield by a reuse of isomaltose as the source of glucose. The enzyme oligo-1,6-glucosidases (oligosaccharide α-1,6-glucohydrolase; EC 3.2.1.10), also known as isomaltase, catalyzes hydrolysis of the α-1,6-glucosidic linkages of isomaltose and is classified in Glycoside Hydrolase (GH) family 13. In practice, the activity of isomaltase is inhibited by high concentrations of glucose; 1, 2) furthermore, manufactural saccharification is generally carried out at high temperatures. For saccharification processes, isomaltase must be thermostable and be retain activity in the presence of high concentrations of glucose. There have been several recent reports of glucose tolerance in β-glucosidases 3, 4) ; however little information is available for α-glucosidases. Three dimensional structure of Bacillus cereus oligo-1,6-glucosidase have been reported.
5) The amino acid sequence homology between GTAGL and B. cereus oligo-1,6-glucosidase is 72%. Moreover, detailed structure of yeast isomaltase has also been reported.
6,7)
In this study, we sought to increase the glucose tolerance of an isomaltase from Geobacillus thermoglucosidasius, the thermostable oligo-1,6-glucosidase (GTAGL).
8,9)

MATERIAL AND METHODS
Strains, plasmids, and culture conditions. The GTAGL gene was obtained from the genomic DNA of Geobacillus thermoglucosidasius DSM2524 by PCR. Escherichia coli DH5α was used as a host for plasmid propagation. The strain was cultured in LB-medium. Bacillus subtilis strain ISW1214 (Takara Bio Inc., Otsu, Japan) was used as a host for expression of GTAGL and grown in LB-medium or 2xL-Mal medium.
10) For protein expression in B. subtilis, a vector plasmid pHY300PLK (Takara Bio Inc.) was selected. Construction of an expression plasmid for GTAGL and its mutants. The expression vector (pHY300PLK/gtagl) was constructed as follows: DNA of gtagl was amplified by PCR using oligonucleotide primers 5′-ATATGAGCTCTTGTG ATGGTTTAAAATGTAAGCGTGGAGGTGAGAAA CATGGAAAGAGTATGGTGGAAA-3′ (SacI) and 5′-ATAT TCTAGATTAGTGATGATGATGATGGTGTGGCAAAC GGATTTTATA-3′ (XbaI) with G. thermoglucosidasius DSM2524 genomic DNA as the template. Forward primer introduces the Bacillus subtilis amylase promoter 11) and gtagl SD sequence at the 5′-end of gtagl. Reverse primer introduces 6 × His tag sequence at the 3′-end of gtagl. Additionally, the pHY300PLK plasmid was amplified by PCR using oligonucleotide primers 5′-ATATTCTAGAAGCTTCAACT TTGCACTT -3′ (XbaI) and 5′-ATATGAGCTCTATCAAA ACAACTTGAATTCTGGTCGGACAAACAC-3′ (SacI). A 1700-bp fragment of gtagl and 4800-bp fragment of pHY300PLK were ligated at SacI and XbaI sites, respectively. Site-directed mutagenesis was carried out using a PrimeSTAR Mutagenesis Kit (Takara Bio). The expression system described above was used for these experiments. The primers for mutagenesis PCR were designed according to the manufacturerʼs protocols. Expression of GTAGL and purification the recombinants. The B. subtilis ISW1214 strain was transformed with the J. Appl. Glycosci., 62, 21-24 (2015) expression vector by electroporation. Transformants were selected on LB plates containing 15 µg/mL tetracycline. Colonies were cultured in 2xL-Mal medium containing tetracycline at 30°C. After 3days cultivation, cells were collected by centrifugation, and the pellets were resuspended in 0.1 M phosphate buffer (pH 6.8). Cells were disrupted by sonication, and α-glucosidase (AGL) activity was obtained in the soluble fraction after centrifugation. Recombinant GTAGL was further purified by Ni-affinity column chromatography. GTAGL activity and protein assay. The activity of AGL was determined in a reaction mixture that contained 2.5% isomaltose and the enzyme in 0.1 M phosphate buffer (pH 6.8) for a total reaction volume of 20 µL. The reaction mixture was incubated at 60°C for a period of time, and the quantity of glucose released was determined using a Glucose CII Test Wako kit (Wako Pure Chemical Industries, Osaka, Japan). One unit of AGL activity was defined as the amount of enzyme required to liberate 1 µmol of glucose per minute. Protein concentrations were determined using the method of Lowry et al. (1951) with bovine albumin as a standard.
12)
Glucose tolerance test of GTAGL and its mutants. A reaction mixture containing 2% glucose, 1% isomaltose, and GTAGL and its mutants (final concentration: 0.5 U/mL) was incubated at 60°C. Aliquots were withdrawn at regular intervals and glucose levels were quantified using an HPLC system equipped with a CARBOsep CHO-620 CA column (Transgenomic Inc., Omaha, USA). The reaction was performed approximately 20 h, until the enzyme activity ceased. Glucose tolerance was defined as the glucose concentration at the end of the enzymatic reaction. For instance, the glucose tolerance was defined as 2.1% when the reaction stopped after degradation of 0.1% isomaltose in the presence of 2% glucose.
RESULTS AND DISCISSION
Expression and purification of recombinant GTAGL.
The AGL activity was observed in crude extract of cultured transformants. His-tagged recombinant GTAGL was purified to homogeneity by Ni-affinity column. The molecular weight of recombinant GTAGL was approximately 67 kDa in SDS-PAGE analysis (Data not shown). Thermostability and optimal temperature of GTAGL were shown in Figs. 1(A) and (B). These characteristics are almost the same as native GTAGL. 8,9) The specific activity of purified recombinant GTAGL was 86 U/mg (Table 1) .
Construction of GTAGL mutants and glucose tolerance test.
In order to improve glucose tolerance of GTAGL, we focused on the amino acid residues near the substrate binding pocket, and constructed the mutants related to M203, Q216, G259, G292, and R298. To identify the positions of the amino acid mutations, a structure of GTAGL was constructed in silico by homology modeling with B. cereus oligo-1,6-glucosidase (PDB code, 1UOK) by Swiss-model (Fig. 2) .
5,13)
M203 is located inside the substrate-binding pocket, which was also in the vicinity of the consensus region II (194-DGFRMDVINMIS). Residues Q216, G259, G292, and R298 are located near the entrance of the substratebinding pocket. These amino acid residues were supposed to concern the uptake and/or export of the substrate, and we anticipated that mutations of the residues might improve the glucose tolerance of GTAGL. Because host-derived other glucosidases were inactivated at high reaction temperature (60°C), mutants of GTAGL were used without extensive purification. Though the specific activity of the mutants could be changed by the mutation, it was possible to analyze the glucose tolerance by elongating the reaction period (approximately 20 h). Among the tests on the glucose tolerance of GTAGL and its mutants, the glucose tolerance improvement was observed with the mutants M203W, Q216E, G259E, and R298I (Table 1) . Glucose tolerance was improved slightly by the M203W mutation, potentially due to narrowing of the substrate-binding pocket. On the other hand the mutations Table 1 . Glucose tolerance and specific activity of GTAGL and its mutants.
Enzyme
Degradation of isomaltose in glucose tolerance test (%)
Glucose tolerance (%) Q216E, G259E, and R298I had certain positive effect on the improvement of the glucose tolerance (Table 1) , probability due to the negative charge of the acidic amino acid residue and hydrophobicity of the isoleucine. These data suggest that these residues affected the uptake and/or export of the substrate into/from the substrate-binding pocket. However, glucose tolerance was not improved with mutants G292E and G292I; furthermore thermal stability was significantly reduced by the R298E mutation. It appears that within the enzyme structure, the spatial relationship between the individual amino acid residue and the substrate-binding site affects glucose tolerance.
Construction of qGTAGL.
We combined several of the mutations that had positive effects on the glucose tolerance to make a double mutant (dGTAGL, G259E/R298I) and a triple mutant (tGTAGL, M203W/G259E/R298I). Glucose tolerance was improved to 2.6% with dGTAGL and 2.5% with tGTAGL (Table 1) .
Other double and triple mutants with different combinations were not examined. In case of a quadruple mutant qGTAGL (M203W/Q216E/G259E/R298I) further glucose tolerance was obtained (Table 1 ). In the reaction mixtures of the glucose tolerance tests GTAGL and qGTAGL have degraded 0.2 and 0.7% isomaltose, respectively (Fig. 3) . The glucose tolerance (final concentration of glucose) was calculated as 2.2 and 2.7% with GTAGL and qGTAGL, respectively. There were not any substantial differences in thermostability and optimal temperature between GTAGL and qGTAGL ( Figs. 1 (A) and (B) ). When the reaction products of the glucose tolerance tests were analyzed by TLC and by HPLC, the production of a triose, that was a consequence of transglycosylation, was scarcely observed with GTAGL while was below the detectable level with qGTAGL (data not shown). The specific activity of qGTAGL was almost the same value with the wild type (Table 1) . On the basis of these results we concluded that glucose tolerance was improved by the mutation of Q216E, G259E, and R298I, and the combination of the quadruple mutation as qGTAGL (M203W/Q216E/G259E/R298I) gave the maximal improvement without impeding other important characteristics of the wild type enzyme.
In this study we have succeeded in improving the glucose tolerance by introducing mutations to amino acid residues at the inside and/or near the entrance of the substrate binding pocket. This might be an effective approach for improving the glucose tolerance of other α-glucosidases. 
